Introduction {#Sec1}
============

Greigite (Fe~3~S~4~) was first discovered as a mineral by Skinner *et al*. from Californian lake sediments^[@CR1]^, and its natural form was probably from the bacteriological reduction of iron^[@CR2]^. It was recognized that greigite is an intermediate state in the solid-state transformation pathway from mackinawite (FeS) to pyrite (FeS~2~)^[@CR3]^. Greigite is an important mineral for geophysics and biology, since it records the ancient geomagnetic field and environmental processes which are crucial for paleomagnetic and environmental magnetic studies^[@CR4]--[@CR7]^. On the other hand, the unique properties of greigite also have attracted extensive studies. For instance, greigite is considered to have potential spintronic application for its half metallic electronic structure at ambient condition with a high curie temperature^[@CR8]^. It has also been suggested to be useful as an anode material in lithium-ion batteries^[@CR9]^. Furthermore, the inductive heating property of greigite nanoparticle makes it a candidate for cancer hyperthermia application^[@CR10]^.

Greigite is a sulfide counterpart of the well-known magnetite (Fe~3~O~4~)^[@CR11]^. It has an inverse spinel structure with one tetrahedral iron site and two octahedral iron sites per formula unit (Fe^3+^~A~(Fe^2+^~B~Fe^3+^~B~)S^2−^~4~). Here the subscripts A and B represent the tetrahedral and octahedral cation site, respectively. In our previous work, first-principles calculations with hybrid functional method showed that the insulative monoclinic structure of greigite induced by charge ordering is energetically more stable than the half-metallic cubic phase, indicating the Verwey transition may exist in greigite^[@CR12]^. However, the Verwey transition has not been observed in greigite in experiment so far. On the other hand, the magnetic moment of greigite measured in experiment was smaller than 4.0 μB per formula unit which is expected for the fully ionic model^[@CR2],[@CR9],[@CR13]--[@CR17]^. It was suggested that the covalence bonding feature participated in greigite was the main reason that lowered the saturated magnetic moment^[@CR14],[@CR16]^. It should be noticed that the metastable nature and the challenges in obtaining high-quality samples of greigite could also be one of the reasons for the absence of the Verwey transition and its relatively low measured magnetic moment. The purity and crystallinity of greigite samples have been proved to have strong effect on the magnetic properties. For instance, the initial magnetic moment of greigite was reported to be \~2.2 μB per formula unit^[@CR2]^ but was increased dramatically to \~3.7 μB with an improved sample^[@CR9]^. Although the neutron diffraction results indicate no significant vacancy concentration that departures from the stoichiometry in the high quality synthetic greigite^[@CR7]^, it is still worth investigating the ground state electronic structures and magnetic properties of defective greigites with reasonable defect concentrations. General density functional theory (DFT) using the generalized gradient approximation (GGA) had been proven to result in an underestimated lattice constant and an incorrect electronic structure of greigite^[@CR12]^. The previous calculations using the Hubbard U method showed the electronic structure of greigite is highly sensitive to the effective U value^[@CR18]^. Hybrid functionals by mixing a portion of the exact nonlocal exchange of Hartree--Fock theory usually provide more reliable description of the electronic structure of highly correlated systems, but the computation is very demanding. In the present study, first-principles calculations using the Heyd-Scuseria-Ernzerhof screened hybrid functional (HSE)^[@CR19]^ and Hubbard U methods were performed to investigate the ground state electronic structure and magnetic properties of greigite with monovacancy. The presented results show the defects have strong effects on the electronic structure of greigite and help to understand the properties of greigite measured in experiment.

Results and Discussion {#Sec2}
======================

HSE calculation on a primitive cell of greigite with monovacancy was performed and used as the benchmark for the subsequent Hubbard U calculation. The primitive cell containing 14 atoms with 2 formula units was used as the starting structural model for further vacancy creation. (Fig. [1](#Fig1){ref-type="fig"}). In the initial spin configuration, the tetrahedral Fe~A~ sites have the opposite spin against the octahedral Fe~B~ sites. Anderson condition was used for the charge ordering, the same as our previous work^[@CR12]^. In order to minimize the finite-size effect induced by the image-charge interaction^[@CR20]^, Hubbard U calculations with larger cell containing 28 and 56 atoms have also been performed. To determine the U value for the large cell calculation, calculations on the primitive cell using a series of U values (U = 1, 2, 3, 4, 5 eV) were performed to compare with the HSE results. Three different vacancy sites including the tetrahedral Fe~A~ site, the Octahedral Fe~B~ site and the S site were considered in the present study.Figure 1(**a**) The primitive cell of greigite. The red, blue, light blue and white balls are the tetrahedral Fe~A~ atoms, octahedral Fe~B1~ atoms, Octahedral Fe~B2~ atoms and S atoms, respectively. (**b**) Illustration of the local structure of greigite.

It should be mentioned that general DFT calculations with PBE functional on the three defective models all result in metallic states, in which the Fe 3*d* orbitals are delocalized and dominates the Fermi level. The unrealistic itinerant Fe 3*d* state is similar to the result from the general DFT calculation on the pristine Fe~3~S~4~. On the other hand, hybrid functional and Hubbard U method are more appropriate for such highly correlated systems. In our previous work, the calculation with a U value larger than 3 eV results in a more stable monoclinic structure of geigite which is the same as the result from HSE calculation^[@CR12]^. Electronic density of states (DOS) of the defective primitive cell using the HSE method and GGA + U method with a series of U values were compared in Fig. [S1](#MOESM1){ref-type="media"} (see supplementary information). Similar to our previous work on the pristine greigite^[@CR12]^, the GGA + U calculation with a U value of 4 eV shows the best agreement with the HSE result. This value is very close to Liu *et al.'*s work on the electronic calculation of magnetite (Fe~3~O~4~) where an effective U value of 3.61 eV was used^[@CR21]^. Thus the U value of 4 eV will be used for larger cell calculation which is too demanding for the HSE method. The vacancy formation energy, structural information and the magnetic moment from HSE calculation on a primitive cell and GGA + U calculation (U = 4 eV) on three different unit cell sizes are listed in Table [1](#Tab1){ref-type="table"}. The structural models with vacancy at Fe~A~, Fe~B~ and S sites are hereafter labelled as Fe~A~-vac, Fe~B~-vac and S-vac, repectively. The vacancy formation energy E~vac~ was calculated from equation$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{E}}}_{{\rm{form}}}={{\rm{E}}}_{{\rm{vac}}}+{{\rm{U}}}_{{\rm{atom}}}-{{\rm{E}}}_{{\rm{pristine}}}$$\end{document}$$where E~form~ is the vacancy formation energy, E~vac~ is the total energy of the greigite structure with monovacancy, U~atom~ is the chemical potential of the vacancy atom in its bulk form (S atom in S~8~ and Fe atom in bulk Fe), E~pristine~ is the total energy of the pristine greigite.Table 1Data of the pristine Fe~3~S~4~ and the defective Fe~3~S~4~ with monovacancies.E~form~ (eV)V (Å^3^)a (Å)b(Å)c (Å)M~s~ (μB)Exp.120.41HSE (14-atoms cell)Pristine127.237.1187.1187.0924.00FeA-vac3.41122.587.0257.0257.0197.01FeB-vac3.64122.527.0437.0437.0042.94S-vac0.55133.077.2457.2457.2393.83GGA + U (14-atoms cell)Pristine129.917.1697.1697.1304.00FeA-vac3.26126.017.0907.0907.0897.00FeB-vac3.60125.127.0997.0997.0472.81S-vac0.50136.777.3267.3267.2344.00GGA + U (28-atoms cell)FeA-vac3.38129.057.1597.14710.0885.99FeB-vac3.47127.927.1357.11710.0763.50S-vac0.71131.787.2227.26010.0533.49GGA + U (56-atoms cell)FeA-vac3.40129.8410.12910.13310.1205.00FeB-vac3.80129.2610.11710.11010.1103.74S-vac0.91131.0610.15010.16010.1673.74E~form~ is the vacancy formation energy; V is the volume of the cell; a,b and c are the lattice parameters; M~s~ is the averaged magnetic moment per Fe~3~S~4~ unit. The units of distance, volume, angle and magnetic moment are in Å, Å^3^, degree and μB, respectively.

HSE calculations {#Sec3}
----------------

The HSE calculation shows that the volume of the Fe~A~-vac structure shrank by 3.7% compared to the pristine structure. The formation of the Fe~A~ vacancy enhances the bonding between the S atoms near the vacancy and its nearest Fe~B~ atoms. Consequently, the averaged Fe~B~-S distance decreased from 2.477 Å in the pristine structure to 2.444 Å. The magnetic moment per formula unit cell is 7.0 μB, much larger than the predicted value of the pristine structure which is 4.0 μB. The increased magnetic moment with an Fe~A~ vacancy is expected since the minor Fe~A~ sites have opposite spins against the Fe~B~ sites.

For the structure with an Fe~B~ site vacancy, the volume shrank by 3.7% compared to the pristine structure and is very close to the Fe~A~-vac structure. The creation of the Fe~B~ site vacancy leaves unsaturated electrons on the nearest S atoms, which consequently causes stronger bonding between these S atoms and their nearest Fe atoms. As a result, the Fe~A~-S distance decreased from 2.265 Å to 2.240 Å and Fe~B~-S distance decreased from 2.477 Å to 2.429 Å, respectively. The magnetic moment per formula unit is 2.94 μB, which is much smaller than the pristine structure. The decreased magnetic moment is expected because the defective Fe~B~ is the major site contributing to the magnetic moment.

In both the Fe~A~-vac and Fe~B~-vac structures, the cell volume decreased with the introduction of the Fe vacancies. However, the reduced number of S atoms which are anions in the S-vac structure will lower the oxidation states of the Fe atoms and weaken the Fe-S bonding. As a result, the volume was increased by 4.6% compared to the pristine structure, the averaged Fe~A~-S distance increased from 2.265 Å to 2.284 Å.

From the comparison of the vacancy formation energy, it shows that the S vacancy requires much less formation energy than the Fe vacancy and should be the common type if there is any vacancy existing in the greigite sample. However, the vacancy concentration in the primitive cell is too high to be realistic. Larger unit cells with smaller vacancy concentrations are needed for further investigations.

GGA + U calculations {#Sec4}
--------------------

From the comparison of the total density of state (DOS) as shown in Fig. [S1](#MOESM1){ref-type="media"} and the data listed in Table [1](#Tab1){ref-type="table"}, the results from the GGA + U calculations with the U value of 4 eV agree well with the HSE calculation in the primitive cell. The GGA + U calculations with larger unit cells were also performed and compared to the result in the primative cell (Table [1](#Tab1){ref-type="table"}). From the comparison of the vacancy formation energies, it is clear that the S vacancy always requires a much less formation energy (at least 2.5 eV less) compared to the Fe vacancy in all three different sized cells. In the structural point of view, the influence of a vacancy should be smaller in a larger unit cell with a diluted vacancy concentration. For example, as discussed above, the Fe~A~ vacancy will induce shrinkage of the volume. The reduced volume percentages for 14, 28 and 56-atoms cells are 3.0%, 0.7% and 0.1%, respectively. Such trend of diluted reduced volume percentage in larger unit cells can also be found in the result of Fe~B~-vac structure. On the other hand, the volume expansion induced by the S vacancy was found in all three different sized cells, indicating the expansion was indeed induced by the local structural distortion near the vacancy, rather than the image-charge interaction because of the finite cell size. The expanded volume percentage for 14, 28 and 56-atoms cells are 5.3%, 1.4% and 0.9%, respectively.

The vacancy concentration dependent magnetic moment per Fe~3~S~4~ formula unit was shown in Fig. [2](#Fig2){ref-type="fig"}. It can be found that only the Fe~A~ vacancy will increase the total magnetic moment. While for the Fe~B~ and S vacancies, they both led to reduced total magnetic moments compared to the pristine greigite structure when the vacancy concentration is smaller than 3.6% (1/28). Since the S vacancy should be the common vacancy defect in the greigite sample according to the comparison of the vacancy formation energy, it would not be surprising that the defective greigite has a magnet moment smaller than 4.0 μB per formula unit.Figure 2The vacancy concentration dependent magnetic moment per Fe~3~S~4~ formula unit. The red, blue and black symbols represent the results of Fe~A~-vac, Fe~B~-vac and S-vac structures, respectively. The solid lines are the guides for eyes.

To further investigate the electronic structures of greigite with these three monovacancies, the vacancy concentration dependent DOS and projected density of states (PDOS) were shown in Fig. [3](#Fig3){ref-type="fig"}. It should be mentioned that, in our previous work on the pristine greigite structure, the existence of the charge ordering induced the metallic-to-insulator transition. Figure [3(a,b,c)](#Fig3){ref-type="fig"} shows the PDOS of the defective greigite in the 14-atoms primitive cell. With such a high vacancy concentration (7.1%), no charge ordering was found in the Fe~A~-vac and Fe~B~-vac structures and resulted in a half-metallic state in the former and a metallic state in the later. The Fe~B~\_3*d* orbitals in Fe~A~-vac and Fe~B~-vac structures mainly located at −6.5 eV and −6.0 eV, with no orbital energy difference between Fe~B1~ and Fe~B2~ atoms. From the bader atomic charge comparison between the Fe~B1~ and Fe~B2~ atoms as shown in Table [2](#Tab2){ref-type="table"}, the bader charges of Fe~B1~ and Fe~B2~ in the Fe~A~-vac and Fe~B~-vac structures with 14-atom primitive cell are very close, indicating the absence of the charge ordering. On the other hand, the charge ordering was found in the S-vac structure and led to an insulative state. The Fe~\_~3*d* orbital energies of Fe~B1~ and Fe~B2~ differed by about 1.5 eV. However, as suggested above, calculations using a larger unit cell are needed to minimize the finite-size effect and avoid the image-charge interaction for a more realistic description of the electronic structure of defective greigite.Figure 3PDOS of the defective greigite structures in different sized cells. (**a**) Fe~A~-vac in 14-atoms cell; (**b**) Fe~B~-vac in 14-atoms cell; (**c**) S-vac in 14-atoms cell; (**d**) Fe~A~-vac in 28-atoms cell; (**e**) Fe~B~-vac in 28-atoms cell; (**f**) S-vac in 28-atoms cell; (**g**) Fe~A~-vac in 56-atoms cell; (**h**) Fe~B~-vac in 56-atoms cell; (**i**) S-vac in 56-atoms cel. The Fermi level is adjusted to 0 eV and marked as the red dashed line. The PDOSs are the summation of the atomic PDOS of each atom type.Table 2Bader atomic charge comparison between Fe~B1~ and Fe~B2~ in greigite with different vacancies and vacancy concentrations.eB1eB2Δ*e*GGA + U (14-atoms cell)FeA-vac6.8146.8300.016FeB-vac6.8596.8580.001S-vac6.8916.9530.062GGA + U (28-atoms cell)FeA-vac6.8736.8440.029FeB-vac6.8836.8370.046S-vac6.9316.8950.036GGA + U (56-atoms cell)FeA-vac6.9076.8420.065FeB-vac6.9566.8630.093S-vac6.9066.9520.045Δ*e* is the bader charge difference between Fe~B1~ and Fe~B2~ atoms.

In the calculations of the 28-atoms cell (Fig. [3(e,d,f)](#Fig3){ref-type="fig"}), the charge orderings appeared in both Fe~A~-vac and Fe~B~-vac structures, which is in sharp contrast to the results in the 14-atomss cell. The main distribution of the Fe~B1\_~3*d* orbitals split into two peaks and located at −6.5 eV and −5.5 eV. The bader charge differences between Fe~B1~ and Fe~B2~ increased to 0.029 e and 0.046 e in the Fe~A~-vac and Fe~B~-vac structures, respectively. The occurrence of the charge ordering opened the energy gap and led to insulative states in the Fe~A~-vac and Fe~B~-vac structures. On the other hand, the charge ordering still existed in the S-vac structure. Interestingly, the charge ordering only opened the energy gap in the Fe_3*d* orbitals while electronic distribution at Fermi level was found in the S\_*p* orbitals which led to a half-metallic state.

The PDOS from the calculations of the 56-atoms cell were shown in Fig. [3(g,h,i)](#Fig3){ref-type="fig"}. The result is similar to that of the calculation in the 28-atoms cell. The Fe~A~-vac and Fe~B~-vac structures were still insulator with charge ordering in the Fe~B~ atoms, while the S-vac structure remained half-metallic. With the further diluted vacancy concentration, the nature of the pristine greigite structure became stronger. As shown in Fig. [3(g,h)](#Fig3){ref-type="fig"}, the distribution of the Fe~B1~\_3*d* electrons at −5.5 eV in both Fe~A~-vac and Fe~B~-vac structure increased compared to that of calculations in the 28-atoms cell, indicating a stronger charge ordering. This is consistent with the bader charge results. With further diluted vacancy concentration in the 56-atoms cell, the bader charge differences between Fe~B1~ and Fe~B2~ further increased to 0.065 e and 0.093 e in the Fe~A~-vac and Fe~B~-vac structures, respectively.

From the results presented above, it indicates that the very different electronic structures of the defective greigites in a 14- atoms cell and a 28-atoms cell could be due to the finite-size effect induced by the image-charge interaction. Such finite-size effect was significantly minimized by using a large 58-atoms cell which shown converged results with respect to the results using the 28-atoms cell.

Conclusions {#Sec5}
===========

The electronic structures of greigite (Fe~3~S~4~) with three types of vacancies (Fe~A~-vac, Fe~B~-vac and S-vac) have been studied by the first-principles calculations. From the comparison of the vacancy formation energy, it was found that the creation of a S vacancy requires much less energy than the Fe vacancy at either the Fe~A~ site or the Fe~B~ site. It indicates the S vacancy should be the common vacancy if there is any existing in the defective greigite sample in experiment. With a vacancy concentration smaller than 3.6%, the S-vac structure has a magnetic moment less than 4.0 μB per Fe~3~S~4~ formula unit. This result could help to understand the unsaturated magnetic moment of greigite measured in the experiment, since it is difficult to synthesise high purity and high crystallinity greigite sample and the existence of defects such as the S vacancy is not surprising. On the other hand, the finite-size effect was significantly minimized by using larger cells of 28 and 56 atoms. It shows that the charge ordering can be found in all the defective structures, except the structures in a 14-atoms cell which has a relatively unrealistic vacancy concentration. The charge ordering led to insulative states for both Fe~A~-vac and Fe~B~-vac structure. However, the charge ordering in the S-vac structure only opened the energy gap in the Fe_3*d* orbitals. Conductive spin-down electrons were found in the S\_*p* orbitals which led the S-vac structure to a half-metallic state. This result may also explain the experiment result that no Verwey transition has been observed in greigite so far. The present theoretical results not only help to understand the experimentally measured properties of greigite which may contain vacancies, but also will trigger more experimental and theoretical studies to understand or even manipulate the properties of greigite by introducing selected types of defects.

Method {#Sec6}
======

All the calculations were performed using the Vienna Ab initio Simulation Package (VASP)^[@CR22]^. The projector augmented wave (PAW) potential^[@CR23]^ with the generalized gradient Perdew, Burke, and Ernzerhof (PBE)^[@CR24]^ exchange-correlation density function was employed. The Valence configurations of 3*d*^6^4*s*^2^ and 3*s*^2^3*p*^4^ were used for the Fe and S atoms, respectively. Plane-wave was expanded with an energy cutoff of 400 eV. The *k*-point convergence was tested until the energy difference is smaller than 1 meV/atom. All calculations were performed in the spin-unrestricted method. The cell and atoms are fully optimized until the Hellmann-Feynman forces on all the atoms are less than 0.01 eV/Å. The energy convergence criterion for the electronic self-consistent calculation was 10^−4^ eV.
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